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HIGHLIGHTS 


•  Cellulose  solution  in  CNT-based  electrodes  turns  into  a  monolithic  functional  film. 

•  The  monolithic  nature  strongly  improves  supercapacitors  equivalent  series  resistance  and  knee  frequency. 

•  The  fabrication  is  significantly  simpler  than  that  of  known  cellulose  supercapacitors. 

•  Superior  maximum  power  density  than  CNT  and  non-aqueous  electrolyte  supercapacitors. 

•  The  film  is  excellent  for  light-weight,  flexible  and  pre-fabricated  supercapacitors. 
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A  novel  monolithic,  pre-fabricated,  fully  functional  film  made  of  a  nanostructured  free-standing  layer  is 
presented  for  a  new  and  competitive  class  of  easy-to-assemble  flexible  supercapacitors  whose  design  is 
in-between  the  all  solid  state  and  the  traditional  liquid  electrolyte.  The  film  is  made  of  two  vertically 
aligned  multi-walled  carbon  nanotube  (VANT)  electrodes  that  store  ions,  embedded-in,  and  mono- 
lithically  interspaced  by  a  solution  of  microcrystalline  cellulose  in  a  room  temperature  ionic  liquid  (RTIL) 
electrolyte  (l-ethyl-3-methylimidazolium  acetate-EMIM  Ac).  The  fine  tuning  of  VANTs  length  and 
electrolyte/cellulose  amount  leads,  in  a  sole  and  continuous  block,  to  ions  storage  and  physical  separa¬ 
tion  between  the  electrodes  without  the  need  of  the  additional  separator  layer  that  is  typically  used  in 
supercapacitors.  Thus,  physical  discontinuities  that  can  induce  disturbances  to  ions  mobility,  are  fully 
eliminated  significantly  reducing  the  equivalent  series  resistance  and  increasing  the  knee  frequency, 
hence  outclassing  the  best  supercapacitors  based  on  VANTs  and  non-aqueous  electrolytes.  The  excellent 
electrochemical  response  can  also  be  addressed  to  the  chosen  electrolyte  that,  not  only  has  the  advantage 
of  leading  to  a  significantly  simpler  and  more  affordable  fabrication  procedure,  but  has  higher  ionic 
conductivity,  lower  viscosity  and  higher  ions  mobility  than  other  electrolytes  capable  of  dissolving 
cellulose. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  large  spectrum  of  applications,  such  as  hybrid  electric  vehi¬ 
cles,  laptops,  medical  electronics,  portable  defibrillators,  unmanned 
aerial  vehicles  (UAVs)  and  missile  systems,  would  certainly  benefit 
from  the  use  of  pre-fabricated  and  free-standing  functional  films 
that,  once  connected  to  current  collectors,  could  be  used  for  easy- 
to-assemble,  environmentally  friendly,  safe,  light-weight  and 
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flexible  energy  storage  devices  such  as  supercapacitors  [1-4]. 
Standard  film-based  supercapacitors  are  typically  made  by 
assembling  two  electrodes  and  a  separator  impregnated  with 
electrolyte,  all  sandwiched  between  two  current  collectors.  While 
the  electrodes  and  the  electrolyte  are  essential  functional  compo¬ 
nents  to  let  the  assembly  be  a  storage  system,  the  separator  is  a 
passive  component  that  is  used  only  to  avoid  electrical  contact 
between  the  electrodes.  As  of  today  this  component  has  always 
been  part  of  the  system  despite  the  fact  that  it  causes  a  serious 
decrease  in  the  supercapacitor  performance  during  its  in-service 
life.  As  discussed  below,  the  performance  reduction  is  mostly 
caused  by  disturbances  to  ions  mobility  generated  by  the  undesired 
initiation/propagation  of  interfacial  debond  between  the  stacked 
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layers.  In  order  to  have  the  best  electrochemical  response,  ions  in 
the  electrolyte  should  in  fact  theoretically  be  capable  of  moving 
freely  without  impacting  in  any  discontinuity  while  traveling  to¬ 
wards  the  electrodes.  The  interfacial  problems  that  occur  in  a 
stacked  system  could  be  solved  by  making  all  the  key  components 
in  the  form  of  a  single  monolithic  layer.  Such  an  approach  could 
lead  to  the  realization  of  a  pre-fabricated  functional  film  which 
would  be  characterized  by  the  above  mentioned  ideal  properties 
(easy-to-assemble,  environmentally  friendly,  safe,  light-weight  and 
flexible).  In  particular  the  film  should  be  engineered  in  such  a  way 
to  host  inter-spaced  and  flexible  electrodes  impregnated  with 
electrolyte.  Simultaneously,  the  electrolyte,  the  film,  the  electrodes 
and  their  arrangement  should  be  such  to  maximize  the  overall 
electrochemical  response.  This  is  indeed  a  very  complex  problem 
since  it  requires  the  optimization  of  several  different  components, 
materials,  physical/chemical  properties  and  phenomena.  For 
instance,  the  electrodes  are  well  known  to  be  critical  components 
because  their  properties  influence  the  capacitance  of  the  super¬ 
capacitor.  Carbon  nanotubes  (CNTs)  seem  to  be  one  of  the  most 
promising  solutions  among  the  several  different  types  of  electrodes 
that  have  been  investigated  in  the  literature.  This  is  because  of  their 
chemical  and  thermal  stability  as  well  as  their  high  surface  area  and 
ideal  percolated  pore  structure  [5-10  .  In  particular,  best  electro¬ 
chemical  performance  was  proven  for  electrodes  made  with 
vertically  aligned  CNTs  (VANTs)  because  of  the  high  number  of 
accessible  pores  of  2-5  nm  in  size  [10-14  .  The  electrolytes  voltage 
window  is  also  critical  because  it  influences  the  energy  density  and 
the  power  density  (which  are  proportional  to  the  voltage  squared) 
of  the  overall  device.  Aqueous  electrolytes  are  characterized  by  a 
narrow  electrochemical  window  (1  V),  instead  the  organic  elec¬ 
trolytes  have  relatively  larger  windows  (2-3  V)  but  suffer  from 
serious  health  and  safety  problems  as  they  are  volatile,  flammable 
and  can  be  toxic.  Room-temperature  ionic  liquid  electrolytes 
(RTILs),  which  are  molten  salts  with  a  melting  point  close  to  or 
below  room  temperature,  have  the  potential  to  surpass  the 
currently  available  aqueous  and  organic  electrolytes.  This  is 
because  they  are  composed  of  ions  of  opposite  charges  and  are 
characterized  by  high  conductivity,  nonvolatility,  low  toxicity,  large 
electrochemical  window  and  good  electrochemical  stability.  These 
characteristics  make  RTILs,  already  used  as  solvents  in  several  ap¬ 
plications  [15—17],  suitable  for  supercapacitors  [18,19  .  Recently 
RTILs  were  incorporated  into  polymer  electrolytes  to  obtain  highly 
conducting  and  electrochemically  stable  electrolytes  for  solids  state 
supercapacitors  [20].  Moreover,  there  have  been  several  studies  on 
CNT-based  supercapacitors  with  RTIL  as  electrolyte  [21-25  .  These 
studies  showed  that  the  combination:  CNTs  electrodes/RTIL  led  to  a 
higher  capacitance  than  the  combinations:  activated  carbon/RTIL 
[21]  or  CNTs/organic  electrolyte  [24].  The  CNTs  pores  size  in  fact 
matches  perfectly  the  RTIL's  ions  size.  Despite  this  major  compat¬ 
ibility  between  CNTs  electrodes  and  RTIL,  these  traditional  systems 
are  still  lacking  in  performance  especially  in  terms  of  power  density 
and  mechanical  flexibility  making  them  unsuitable  for  the  reali¬ 
zation  of  the  above  described  flexible,  free-standing  and  pre¬ 
fabricated  functional  film.  The  principal  limitation  of  CNTs  elec¬ 
trodes/RTIL  supercapacitors  is  that  the  simple  stacking  of  the  key 
components  (electrodes,  separator  and  electrolyte)  generates 
multiple  interfaces  and  undesired  interfacial  debonding  during  the 
in-service  life  which  causes  a  significant  increase  of  the  overall 
electrical  resistance.  A  potential  solution  to  realize  the  pre¬ 
fabricated  films  can  be  envisioned  through  the  recently  devel¬ 
oped  all-integrated  paper  and  textile  electronic  devices  [26-30] 
that  led  to  a  number  of  research  activities  on  papers,  sponges, 
clothes  and  textile-based  energy  storage  devices.  These  studies 
demonstrated  that  carbon  nanotubes  and  cellulose  are  suitable  for 
the  realization  of  free-standing  and  flexible  electrodes  [31-36].  The 


primary  advantage  of  cellulose  is  that  of  being  usable  as  spacer 
while  providing  inherent  flexibility,  porosity  and  ease  of  integra¬ 
tion  with  carbon  nanotubes  [33],  giving  rise  to  an  inexpensive  and 
biocompatible  system.  The  use  of  cellulose  for  supercapacitors 
started  being  considered  suitable  in  Refs.  [37,38  where  it  was 
shown  for  the  first  time  that  cellulose  could  be  dissolved  in  alkyl 
substituted  imidazolium  RTILs  [39  ,  and  through  numerous  studies 
that  were  carried  out  on  dissolution  optimization  and  future  ap¬ 
plications  [40-44].  Consequently,  the  first  and  only  flexible  and 
free-standing  supercapacitor  made  of  a  monolithic  layer  of  carbon 
nanotubes  electrodes  soaked  in  a  solution  of  cellulose  in  RTIL,  was 
soon  demonstrated  [38  .  Despite  this  latter  interesting  attempt 
with  a  resulting  capacitance  of  22  F  g-1  and  energy  density  of 
13  Wh  Kg-1  comparable  with  those  of  paper-based  CNTs  super¬ 
capacitors  [31,34  ,  the  device  suffered  a  rather  complex  and  costly 
fabrication  process,  high  equivalent  series  resistance  (ESR)  and, 
therefore,  low  power  density.  These  drawbacks  were  caused  by  the 
adopted  chloride  based  RTIL  which  is  viscous  and  solid  at  room 
temperature.  These  properties  not  only  require  a  significant  num¬ 
ber  of  fabrication  steps  for  the  CNTs  integration,  but  also,  and  most 
importantly,  lead  to  low  ions  mobility  [45,46]  compared  to  acetate 
based  RTILs  which  have  low  melting  point  and  low  viscosity 
[40,42,45].  Cellulose  solution  in  acetate  based  RTIL  was  successfully 
included  in  commercially  available  MWNTs  to  produce  conductive 
cable  fibers  with  insulating  surface  [43]  and,  more  recently,  cellu¬ 
lose  solution  in  acetate  based  RTIL  was  used  for  the  first  time  for  the 
realization  of  supercapacitors  with  activated  carbon  electrodes.  The 
resulting  devices  were  found  to  display  high  performance  in  terms 
of  specific  capacitance  and  cyclic  stability  [47,48  . 

In  this  paper  a  novel  nanostructured,  free-standing,  monolithic 
and  functional  film  (only  a  few  hundred  micrometers  thick)  based 
on  VANTs  integrated  in  a  5  w%  solution  of  cellulose  in  l-ethyl-3- 
methylimidazolium  acetate  (EMIM  Ac)  is  presented  for  high- 
power,  easy-to  assemble  and  3-D  shape-adaptable  super¬ 
capacitors.  The  design  of  the  proposed  pre-fabricated  film  is  such  to 
avoid  undesired  discontinuities  to  ions  mobility.  Consequently, 
energy  losses  are  drastically  reduced  and  an  unprecedented  rapid 
and  low-cost  fabrication  procedure  is  guaranteed.  Thus,  this  work 
solves  the  key  limitations  related  to  fabrication  complexity  and  low 
power  density  of  previously  reported  cellulose-based  VANTs 
supercapacitors  in  RTIL  [38  . 

2.  Experimental 

2.1.  Design  of  the  monolithic  functional  film 

The  design  of  the  pre-fabricated,  monolithic  functional  film  is 
shown  in  Fig.  1.  In  this  design,  the  two  active  electrodes  that  store 
ions  are  made  of  a  high  density  array  of  vertically  aligned  carbon 
nanotubes  (VANTs),  as  schematically  represented  in  Fig.  1(b).  The 
two  electrodes,  which  face  each  other  with  a  pre-defined  inter¬ 
space  distance,  as  required  to  avoid  circuit-shortage,  are  embedded 
into  a  cellulose/RTIL  (EMIM  Ac)  layer  which  constrains  the  elec¬ 
trodes  into  their  fixed  relative  position  while  conferring  a  hosting 
matrix,  ions  and  their  full  mobility.  The  electrode  thickness  (VANTs 
length)  is  defined  by  simultaneously  taking  into  account,  as  dis¬ 
cussed  in  Section  2.2,  the  ideal  VANTs  length  that  maximizes  the 
electrochemical  performance  [49]  in  conjunction  with  specific 
manufacturing  strategies  for  the  realization  of  the  free-standing 
and  monolithic  film.  The  result  of  the  described  assembly  is  a 
fully  functional  nanostructured  film  that  can  be  used  as  easy-to- 
assemble  supercapacitors  by  simply  connecting  it  to  current  col¬ 
lectors.  The  film  is  additionally  characterized  by  a  certain  degree  of 
flexibility  given  by  the  integration  of  VANTs  into  this  unique  host¬ 
ing  matrix. 
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Fig.  1.  (a)  Schematic  of  the  pre-fabricated  monolithic  functional  film;  (b)  Higher  magnification  of  the  film  in  a  polarized  state  highlighting  the  VANTs  electrodes  integrated  with  5  wt 
%  solution  of  cellulose  in  EMIM  Ac  with  an  inter-space  between  the  electrodes,  (c)  Higher  magnification  showing  the  nanochannels  percolated  with  the  polarized  RTIL  electrolyte 
and  the  inter-space  between  the  electrodes. 


The  mechanical  flexibility  allows  the  film  to  adapt  to  2-D  and/or 
3-D  shapes  significantly  expanding  its  usage  to  a  wide  range  of 
applications. 

2.2.  Electrodes  synthesis  and  strategic  film  fabrication 

The  strategic  choice  of  the  EMIM  Ac  electrolyte  (“Cellionic 
BCW1100”,  Aldrich)  leads  to  an  extremely  simple  fabrication  process 
which  consists  of  the  following  two  key  steps:  (1 )  the  VANTs  carpet 
growth  to  form  the  two  electrodes  and;  (2)  the  infiltration  into  the 
carpets  of  the  5  wt  %  solution  of  cellulose  in  the  electrolyte  to  form  an 
uniform  film  of  cellulose/electrolyte  embedding  the  nanotubes. 
Within  the  first  step,  VANTs  carpets  were  grown  on  a  silicon  piece 
with  the  procedure  previously  reported  in  Ref.  49]  with  the  only 
addition  of  a  5  min  annealing  in  Hydrogen  at  a  flow  rate  of  300  seem. 
This  was  done  to  obtain  a  distribution  of  catalyst  nanoclusters  such 
to  allow  the  realization  of  densely  packed  carbon  nanotubes.  The 
VANTs  deposition  time  was  tuned  at  20  min  to  obtain  a  carpet  that 
was  sufficiently  thick  to  be  suitable  for  the  following  fabrication  step 
(electrode  fabrication),  but,  at  the  same  time,  sufficiently  thin  to 
maximize  the  electrochemical  performance  that  was  reported  to  be 
strongly  affected  by  the  VANTs  length  [49  . 


A  drop  of  cellulose  solution  in  electrolyte  was  spin-coated  for 
5  min  at  8000  rpm  on  the  as-grown  VANTs  carpet  (Fig.  2(a)).  The 
duration  of  the  spinning  process  was  found  to  be  critical  to  remove 
any  residual  drop  of  liquid  from  the  carpet  as  required  to  make  the 
film.  Finally  the  MWNTs/electrolyte/cellulose  film  was  easily 
removed  from  the  silicon  substrate  using  a  blade  (Fig.  2(b)).  The 
success  of  the  previous  step  requires  that  the  carpet  thickness  is 
perfectly  tuned  with  the  amount  of  electrolyte.  If  the  carpet  thick¬ 
ness  and  the  amount  of  electrolyte  are  not  tuned,  the  MWNTs/cel- 
lulose/electrolyte  film  would  in  fact  turn  into  a  gel  [46,50]  and  this 
not  only  would  make  the  removal  process  (from  silicon)  a  difficult 
step,  but,  most  importantly,  would  have  a  detrimental  effect  on  the 
film  which  would  lose  its  ideal  free-standing  function.  The  electrode 
was  then  faced  and  monolithically  bonded  to  another  electrode  by 
an  additional  layer  of  a  cellulose/electrolyte  solution  which  also 
helped  in  preventing  electrical  shortage  (Fig.  2(c)).  The  image  in 
Fig.  2(d)  shows  the  flexibility  of  the  pre-fabricated  fully  functional 
film  which  was  bended  repeatedly  without  creating  breaks  or 
debonds,  visible  by  naked  eye,  as  expected  thanks  to  the  monolithic 
nature  of  the  film.  This  promising  mechanical  flexibility  of  the  film  is 
under  investigation  by  means  of  ad-hoc  experimental  testing.  It  is 
worth  noting  that  all  the  fabrication  steps  were  performed  at  room 


Fig.  2.  (a)-(c)  Fabrication  of  the  monolithic  and  functional  film:  (a)  spinning  of  cellulose  solution  on  VANTs  previously  grown  on  Si  substrate;  (b)  removal  of  the  resulting  electrode 
from  Si;  (c)  overlapping  of  two  inter-spaced  electrodes,  (d)  Bending  of  the  functional  film  to  show  its  flexibility. 
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Fig.  3.  SEM  analysis:  (a)  VANTs  on  Si,  the  inset  shows  the  alignment  and  the  density  at  high  magnification;  (b)  nanocomposite  electrode  in  a  bended  state;  the  inset  shows  a  higher 
magnification  of  the  VANTs  embedded  in  the  cellulose/electrolyte  solution;  (c)  cross-section  of  the  monolithic  functional  film  in  a  polarized  state  where  each  single  layer  is  specified 
through  the  scheme  on  the  right. 


temperature  thanks  to  the  low  melting  point  of  the  electrolyte 
(15  °C),  therefore  the  whole  procedure  was  extremely  simple  and 
fast. 

2.3.  Fabrication  of  the  electrochemical  test  cells 

The  free-standing  monolithic  film  of  15  mm  in  diameter  was 
vacuum  dried  overnight  at  80  °C  to  remove  any  residual  air  and 
moisture,  that,  if  trapped  in  the  electrodes,  can  degrade  the  elec¬ 
trolyte  and  (moisture)  can  interfere  with  the  cellulose  dissolved  in 
EMIM  Ac  [51,52  .  A  coin-type  test  cell  (El  Cell)  was  prepared  in  a 
glove  box  under  an  argon  environment  and  was  used  to  analyze  the 
electrochemical  response  of  the  fabricated  nanostructured  film 
that,  once  sandwiched  within  the  gold  current  collectors  of  the  cell, 
behaves  as  a  supercapacitor.  The  electrical  contact  between  the  film 
and  the  collectors  was  guaranteed  by  applying  a  25  N  constant  load 
through  a  spring. 

2.4.  Measurements  and  characterization 

The  novel  nanostructured  composite  film  was  examined  both  by 
morphological  analysis  with  a  scanning  electron  microscope  (SEM, 
Philips,  ESEM  XL  30)  and  by  electrochemical  measurements  with  a 
Versastat  4  Potentiostat/Galvanostat/FRA  (Princeton  Applied 


Research).  Cyclic  voltammetry  (CV),  galvanostatic  charge/discharge 
(GC)  and  electrochemical  impedance  spectroscopy  (EIS)  measure¬ 
ments  were  performed  to  evaluate  the  capacitive  behavior,  the 
durability  and  the  electrochemical  parameters  (specific  electrode 
capacitance,  knee  frequency  end  equivalent  series  resistance  (ESR)). 
The  supercapacitor  cell  was  tested  in  a  two-electrode  configuration 
in  order  to  simulate  the  real  electrochemical  behavior  and  prevent 
the  results  overestimation  [53  .The  CV  tests  were  carried  out  at 
1000  and  100  mV  s_1,  impedance  tests  were  carried  out  at:  a  dc  bias 
of  0  V,  a  sinusoidal  signal  of  10  mV  in  amplitude,  and  a  frequency 
range  of  10  kHz  to  10  mHz.  The  ESR  and  the  knee  frequency  were 
deduced  from  the  complex-plane  impedance  spectra.  GC  tests  were 
performed  with  a  current  density  that  ranged  from  1  to  30  A  g-1.  To 
evaluate  the  cycle  life  of  supercapacitor  2000  consecutive  and 
complete  galvanostatic  charge-discharge  cycles  at  10.7  A  g-1  cur¬ 
rent  density  were  performed. 

3.  Results  and  discussion 

SEM  images  of  the  grown  VANTs  carpets,  on  silicon  and 
assembled  to  form  the  functional  film  are  shown  in  Fig.  3.  The 
VANTs  are  uniformly  and  vertically  distributed  with  an  average 
length  (electrode  thickness)  of  160  pm  (see  Fig.  3(a))  as  planned  by 
tuning  the  fabrication  process  with  the  electrochemical  properties. 
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(see  the  procedure  specified  in  Section  2.2).  The  MWNTs  in 
the  carpet  have  an  average  external  diameter  of  7-10  nm  and  are 
densely  packed  with  an  average  inter-tube  distance  of  50  nm  (see 
inset  in  Fig.  3(a)).  The  SEM  image  in  Fig.  3(b)  shows  a  bended 
state  of  the  electrode  after  removal  from  the  silicon  substrate  as 
well  as  the  nanoscopic  nature  of  the  cellulose/electrolyte  solu¬ 
tion  (see  inset  in  Fig.  3(b)).  The  nanotubes  dipped  in  the  cellulose 
solution  don't  show  any  form  of  entanglement  and  the  solution  is 
penetrated  all  over  the  nanotubes  interspaces.  This  is  indeed  very 
important  to  guarantee  the  full  exposure  of  the  VANTs  to  the 
electrolyte,  thus,  to  allow  ions  to  reach  and  use  the  entire 
nanotubes  length  in  order  to  maximize  the  functional  perfor¬ 
mance  once  the  film  is  used  for  supercapacitors  applications  [49]. 
The  full  penetration  of  the  solution  within  the  nanotubes  is  also 
important  to  guarantee  the  global  flexibility  and  the  monolithic 
and  free-standing  nature  of  the  functional  film.  The  VANTs  car¬ 
pets  can  in  fact  be  viewed  globally  as  a  highly  porous  foam-like 
material  made,  locally,  of  discrete  solid  elements  (the  nano¬ 
tubes)  that  are  not  physically  interconnected,  but  interact  within 
each  other  through  weak  electrostatic  forces.  This  type  of  inter¬ 
action  confers  to  the  porous  material  a  discrete  nature  and  a 
certain  degree  of  flexibility  given  by  the  allowed  relative  motion 
between  each  single  nanoscopic  solid  element.  The  cellulose 
solution  that  fills  the  interspaces  to  form  the  nanocomposite 
electrode,  transforms  the  porous  material  into  a  continuous, 
monolithic  and,  indeed,  still  flexible  material.  Fig.  3(c)  shows  the 
cross-section  of  the  fully  assembled  monolithic  functional  film 
(350  pm  thick)  which  consists  of  two  VANTs  electrodes 
embedded  in  cellulose/EMIM  Ac  electrolyte  and  interspaced,  at  a 
pre-defined  set  distance  of  35  pm,  with  cellulose  dissolved  in  the 
electrolyte.  The  electrochemical  response  of  the  supercapacitor 
was  evaluated  by  CV  tests  and  GC  tests  (current  density  of 
3.75  A  g_1).  The  capacitive  response  is  nearly  ideal  as  proven  by 
the  rectangular  shape  of  the  CV  curves  in  Fig.  4(a)  11,54]  and  by 
the  nearly  triangular  and  symmetrical  shape  of  the  GC  char¬ 
ge-discharges  curves  that  also  show  a  small  IR  drop  that  high¬ 
lights  the  prominent  capacitive  behavior  of  the  supercapacitor  up 
to  an  operating  voltage  of  2  V  (Fig.  4(b)). 

The  excellent  electrical  conductivity  and  mesoporosity  of  the 
CNTs/cellulose  nanocomposite,  perfectly  tuned  with  the  chosen 
electrolyte  and  electrode  thickness  (accordingly  to  Ref.  [49  )  to 
allow  ions  accessibility,  could  be  responsible  for  the  observed  good 
capacitive  response.  The  specific  capacitance,  Cp,  of  the  nano¬ 
composite  electrode  is  calculated  from  the  CV  and  GC  curves  using 
the  following  Eq.  (1)  and  Eq.  (2),  respectively: 


rVf 

/  i(V)dV 

Cp  ( F  X  g-1  )  =  q/LV  =  Jv\Vvm  (1) 

Cp(f  x  g_1  )  =  — - —  x  2  (2) 

where  ^(Vs_1)  is  the  scan  rate  applied  in  the  CV  measurements  or 
the  slope  of  the  discharge  curve  after  the  IR  drop  in  the  GC  test,  m 
( g )  is  the  mass  of  the  single  electrode,  AV  (V)  is  the  voltage  range 
between  Vi  and  Vf,  i(V)  is  the  current  response  and  /(A)  is  the 
constant  discharge  current  of  the  GC  measurements.  The  calculated 
capacitance  are  34  F  g_1  and  39  F  g-1  for  the  CV  (at  100  mV-1)  and 
the  GC  curves  (at  3.57  A  g-1),  respectively.  These  values  are 
significantly  higher  than  those  reported  in  the  literature  for 
supercapacitors  based  on  paper/CNTs  nanocomposites  [31,38]  and 
for  MWNTs-based  supercapacitors  with  RTIL  and  organic  electro¬ 
lytes  [14,23,25,55,56].  The  charging/discharging  rate  capability  of 
the  supercapacitor,  was  evaluated  performing  charge/discharge 
tests  with  current  densities  that  varied  from  1  to  30  A  g-1  which  are 
much  higher  than  those  reported  in  the  literature  for  similar  sys¬ 
tems.  It  is  found  that  the  capacitance  of  the  cell  decreases  with 
increasing  current  density  (see  Fig.  5(a)),  as  also  observed  for 
carbon/paper-based  supercapacitors  [31,34],  because  the  electrode 
surface  area  accessible  to  ions  decreases  correspondingly.  The  cycle 
life  of  the  electrode  was  evaluated  under  severe  conditions  by 
testing  the  supercapacitor  for  2000  consecutive  and  complete 
galvanostatic  charge-discharge  cycles  performed  at  10.7  A  g_1 
current  density  while  imposing  the  following  voltage  variation:  0  V, 
2  V,  0  V.  It  is  worth  noting  that  this  type  of  test  analyzes  the  per¬ 
formance  of  the  electrochemical  devices  under  more  severe  con¬ 
ditions  than  typical  lifetime  studies  which  are  performed  at  half¬ 
depth  discharge  (see  Fig.  5(b)). 

However,  despite  this  unfavorable  test,  the  nanostructured 
composite  film  exhibits  an  almost  stable  electrochemical  response 
(starting  from  500  cycles)  reaching  a  total  decline  (after  2000  cy¬ 
cles)  of  12.96%.  This  result  is  probably  caused  by  a  slight  debonding 
between  the  CNTs  and  cellulose  [57].  The  initial  capacitance 
reduction  can  be  considered  acceptable  in  view  of  the  above 
mentioned  severe  tests  in  terms  of  current  density  and  voltage 
window.  The  stable  electrochemical  response,  highlighted  by  the 
resulting  long  cyclic  stability,  suggests  that  the  novel  nano¬ 
structured  film  is  suitable  for  applications  that  require  reliable 
energy  storage  devices  over  an  extended  lifetime.  The  ideal 


Fig.  4.  Electrochemical  response  of  a  supercapacitor  made  with  the  monolithic  functional  film:  (a)  CV  curves  at  a  scan  rate  of  1000  and  100  mV  s  b  (b)  GC  curves  at  3.75  A  g  1 
current  density. 
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Fig.  5.  Electrochemical  response  of  supercapacitors  made  with  the  functional  film:  (a)  Specific  capacitance  vs  current  density  plot,  (b)  Normalized  capacitance  up  to  2000  charge/ 
discharge  cycles  at  the  current  density  of  10.7  A  g-1. 


capacitive  behavior  of  the  supercapacitor  is  again  highlighted  by 
the  complex-plane  impedance  plot  in  Fig.  6.  The  nearly  vertical 
trend  in  the  low  frequency  region  proves  that  ions  in  the  electrolyte 
diffuse  easily  inside  the  pore  structure  of  the  VANTs/cellulose  and 
this  process  is  not  inhibited  by  the  cellulose  within  the  nanotubes. 
The  equivalent  series  resistance  (ESR)  of  the  supercapacitor, 
determined  from  the  intercept  of  the  curve  with  the  real  axis,  is 
0.66  Q  (see  inset  Fig.  6).  This  ESR  value  is  extremely  lower  than 
CNTs-solid  state  supercapacitors  reported  in  literature  [35,36,58] 
and  MWNTs-based  supercapacitors  with  RTIL  and  organic  elec¬ 
trolyte  [24,55,56].  The  analysis  of  the  graph  in  the  high  frequency 
region  highlights  a  good  electrical  contact  between  the  electrodes 
and  the  current  collector  (there  are  no  semicircles  in  that  areas). 
Finally,  the  analysis  of  the  45°  Warburg  region  shows  the  low 
resistance  to  ions  penetration  in  the  electrode-electrolyte  interface 
(the  interface  between  the  nanotubes  surface  and  the  electrolyte) 
and  along  the  thickness  of  the  porous  electrode  structure.  Fig.  6  also 
shows  that  the  knee  frequency  (critical  frequency  where  a  super¬ 
capacitor  begins  to  exhibit  the  capacitive  behavior)  which  is 
19.9  Hz,  is  higher  than  that  of  CNTs-solid  state  supercapacitors 
reported  in  literature  [36  and  MWNTs-based  supercapacitors  with 
non-aqueous  electrolyte  [14,21].  It  is  believed  that  the  low  ESR,  the 
low  resistance  to  ions  penetration  at  the  interface  and  along  the 
electrode's  thickness  and  the  high  knee  frequency,  can  be  related  to 
the  high  ionic  conductivity  of  the  chosen  electrolyte,  to  the  absence 
of  stacked  layers  within  the  film  thickness  and  to  the  physical 


Fig.  6.  EIS  plot:  the  inset  shows  the  high  frequency  region  highlighting  the  knee 
frequency. 


nature  of  the  matrix  that  hosts  the  VANTs.  This  matrix  is  substan¬ 
tially  a  viscous  solution  of  cellulose  dissolved  in  the  electrolyte 
which  clearly  allows  for  a  higher  ions  mobility  than  in  solid-state  as 
well  as  in  any  supercapacitor  in  which  ions  must  find  their  path 
through  a  solid  material.  The  maximum  specific  power  density  Pceii 
max,  which  is  108.23  kW  kg-1,  is  calculated  using  the  following 
equation: 

P,.„™(KWxKg-').lxI5s!fi;-  (3) 

where  Vf(V)  is  the  voltage  at  the  end  of  charge,  mtot  is  the  mass  of 
the  two  electrodes  (g).  This  value  is  higher  than  CNTs/paper  or 
polymer  composite  supercapacitors  reported  in  literature 
[21,34-36,58].  Fig.  7(a)  shows  the  Ragone  plot  that  summarizes  the 
energy  and  power  density  at  different  discharge  current  densities. 
The  energy  density  of  the  supercapacitor  Wce\  isp  is  calculated  with 
the  following  equation: 

W«„,p(whxKg-')=>x3§^-  (4) 

where  C  is  the  capacitance  (F)  calculated  from  the  charge  discharge 
curves  at  different  discharge  current  densities,  V  is  the  voltage 
range  (2  V  for  our  tests),  3.6  is  the  conversion  factor  to  obtain  the 
specific  energy  density  in  Wh  x  Kg-1  and,  mt0 1  (g)  is  the  total  mass 
of  both  electrodes.  The  power  density  of  the  supercapacitor  (Pceii  sp) 
is  calculated  with  the  following  equation: 

Pcellsp(l<WxI<g  ')  (5) 

where  At  is  the  discharge  time  corresponding  at  each  discharge 
current  density.  The  maximum  calculated  value  of  energy  density, 
within  the  analyzed  current  density  range,  is  14.72  Wh  Kg-1  at 
1  A  g-1  which  is  higher  than  other  cellulose-based  supercapacitors 
reported  in  literature  [38]  while  the  minimum  value  is 
4.72  Wh  Kg-1  at  28.57  A  g-1.  The  calculated  power  density  reaches 
a  maximum  of  36.17  kW  kg'1  at  28.57  A  g-1  and  a  minimum  of 
0.53  kW  kg-1  at  1  A  g_1.  At  an  intermediate  value  of  10.7  A  g_1 
current  density,  the  energy  and  power  density  set  at  a  calculated 
value  of  7.5  Wh  Kg-1  and  13.5  kW  kg-1  respectively  and,  accord¬ 
ingly  to  Fig.  5(b),  were  then  found  to  decrease  reaching  respec¬ 
tively,  after  2000  cycles  a  value  of  6.53  Wh  Kg-1  and  11.75  kW  kg-1 
Fig.  7(b)  shows  the  comparison  of  various  CNT  supercapacitors  in 
terms  of  electrochemical  performance.  The  energy  density  values 
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Fig.  7.  Performance  of  a  supercapacitor  made  with  the  monolithic  functional  film:  (a)  Ragone  plot  with  the  used  current  densities;  (b)  Comparison  of  a  supercapacitor  made  with 
the  proposed  functional  film  with  various  non  aqueous  and/or  polymer  and  paper  based  system. 


that  are  inserted  in  the  plot,  represent  the  maximum  values  of  the 
GC  tests  reported  in  the  literature,  while  the  maximum  power 
density  values  are  calculated  with  Eq.  (3).  Similarly,  the  values  of 
our  device  (energy  density  of  14.72  Wh  Kg-1  at  1  A  g_1  and 
maximum  power  density  of  108.23  kW  kg-1)  that  have  been 
inserted  in  the  plot  for  comparison  with  the  devices  in  the  litera¬ 
ture,  were  calculated  using  the  GC  test  and  Eq.  (3)  for  maximum 
power  density,  where  ESR  is  0.66  Q  and  is  determined  from  the 
intercept  of  the  complex-plane  impedance  plot  with  the  real  axis. 
Moreover  for  further  information,  the  ESR  is  also  often  calculated 
from  the  IR  drops  [53]  and  depends  on  the  current  density.  Thus, 
ESR  calculated  at  the  highest  current  density  used,  28.57  Ag-1,  is 
0.875  Q  from  the  following  equation 

ESR  =  AV/(2  xl)  (6) 

where  A\/  is  the  IR  drop  of  the  GC  curve  and  I  is  28.57  Ag-1  and  the 
maximum  power  density  calculated  is  therefore  81.63  KW  Kg-1. 
This  comparison  clearly  highlights  that  the  novel  nanostructured 
film  proposed  by  the  authors  is  superior  in  its  performance  than  the 
most  important  and  representative  systems  that  were  proposed 
with  carbon  nanotubes  and  organic  or  ionic  liquid  electrolyte  using 
either  polymer  or  paper  binders  (see  Refs.  [34  ,  [35],  [58  ,  [20], 
[38]).  Just  a  few  cellulose-based  systems  reported  in  the  literature, 
see  Refs.  [33],  [36  ,  show  a  superior  performance  in  terms  of  both 
energy  and  power  density  mainly  thanks  to  the  adopted  type  of 
nanotubes  (single  [33]  or  double-walled  [36  ). 

4.  Conclusions 

In  this  work,  a  novel  monolithic  and  pre-fabricated  fully  func¬ 
tional  film  was  proposed  for  high  energy,  high  power  density, 
flexible  supercapacitors.  The  materials  involved  (VANTs,  EMIM  Ac 
and  cellulose)  allowed,  after  an  accurate  matching  process  between 
the  nanotubes  length  and  the  amount  of  electrolyte/cellulose  so¬ 
lution,  to  obtain  a  nanostructured  film  which  functions  simulta¬ 
neously  as  electrode,  electrolyte  and  separator  without  physical 
discontinuity.  The  presented  film  can  be  used  for  a  wide  range  of 
applications  that  require  light-weight,  flexible  energy  storage  de¬ 
vices.  The  nanostructured  film  is  characterized  by  excellent  elec¬ 
trochemical  properties  and  long  cycle  life.  The  low  ESR,  0.66  Q,  and 
high  knee  frequency  (19.9  Hz),  lead  to  a  supercapacitor  with  high 
maximum  power  density  Pmax  (108.23  kW  kg-1)  and  with  a  reac¬ 
tion  speed  that  is  suitable  for  fast  charging/discharging  events.  The 
performance  (in  terms  of  energy  and  power  density)  of  the 


proposed  nanostructured  film,  used  as  a  supercapacitor,  places  it 
among  the  best  non-aqueous  electrolyte  systems  presented  thus  far 
in  the  literature. 
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